Abstract. Microflow devices including microvalves, micropumps and microflow sensors fabricated by micromachining are reviewed from the point of view of the actuating principle and structures. Integration of microflow control devices and microflow sensors allowed very precise control of small flow. High performance liquid dosing microsystems and sophisticated chemical analysing microsystems were demonstrated by the combination of microflow devices and microsensors.
Introduction
In the recent development of three dimensional microfabrication technologies based on photofabrication, called micromachining, have been applied not only to the fabrication of microsensors but also to the fabrication of microactuators. Very small devices controlling or sensing flow in the order of Fllmin are named microflow devices. Micromachining was applied to fabricate a gas flow sensor in the early age of this field. Microvalves and micropumps are one of the most promising devices of micromachining products [1,21. Microflow devices fabricated by micromachining have very small dead volume able to realize precise control for small flow and fast response time. On the other hand, these devices can be integrated with microflow sensors in order to obtain feedback control. In this case, discrete, standard connecting ports used in the conventional systems are no longer necessary. This enables further reduction of dead volume. Mass flow controllers and liquid dosing systems were fabricated as one chip devices.
The performances of active microvalves and micropumps depend strongly on the features of the actuator. In fact, the size of the devices are determined by that of the actuators. The actuators used so far are classified into two categories: miniaturized conventional 'actuators and micromachinable actuators. Many kinds of actuators have been studied and used. This paper reviews the flow control devices from the point of view of the acting principles and structures.
Combining microflow systems and microchemical sensors, sophisticated microchemical analyzing systems and miniaturized bioreactor were fabricated [ Z ] . Not only system size reduction but also the small sample volume and the reduced time constants are the remarkable advantages of these systems.
The actuators used for the microflow control devices are summarized in section 2. Then the microvalves 0960-1317/94/040157+15$19.50 0 1994 IOP Publishing Ltd including passive valves and micropumps developed so far are reviewed in sections 3 and 4. Typical gas and liquid flow sensors are described in section 5, microflow control systems are introduced in section 6. Finally, the applications of microflow devices as'integrated microflow systems are described.
Actuators
Since the size of the active microflow control devices is actually restricted by that of the actuator, it is very important to miniaturize the actuator. A miniaturized conventional actuator of the electromagnetic plunger type was used in the firstly developed microvalve [3]. Small sized piezoelectric actuators and a small shape memory alloy actuator have been used in the early stage of microflow devices [l, 41. Pneumatic actuation is also useful for this purpose. These actuators are external actuators to be glued or mechanically assembled on the silicon structure.
Another kind of actuatoys, the so called microactuators, are fabricated by' micromachining [5] . The most important advantage of these actuators is that no assembly is necessary, since all the fabrication process of the flow control devices is in batch. Performances of the actuators used in the microflow devices are described as follows.
External actuators
2.1.1. Electromagnetic Electromagnetic actuation was realized with a solenoid plunger as shown in figure l(a). The force developed by these actuators depends on the applied current and on the number of turns. Large stroke can be obtained 131. Miniaturization is, however, difficult because of the restriction imposed by the size of the solenoid coil.
Piezoelectric
Actuators using the piezoelectric effect have been widely used. Some kinds of piezoelectric actuators of disk type, cantilever type, stack type, etc. are commercialized.
Simple plate type piezoelectric actuators can he classified into two types as monomorph and bimorph. These actuators consist of piezoelectric ceramic plates and electrodes. Disk type (figure I(b)) and cantilever type (figure I(c)) actuators are provided by some companies. Disk type actuators can be easily glued with epoxy resin. These actuators have relatively large deformation and fast response, but the generated pressure is small.
To generate large pressure, stack-type structures of many piezoelectric plates and driving electrodes were employed ( figure I(d) ). A pressure of 350 kgf/cm* at IS0 V applied voltage is generated by 64 thin ceramic plates with the sile of 1.4 x 3 x 9 mm' [I]. It shows response time of about 0.1 msec. The maximum stroke is, however, as small as 8 p n This type of actuator can be mounted in a glass tube and be bonded to the structure with epoxy resin.
Pneumatic
An external pneumatic system consists typically of an electromagnetic valve, a leak valve and an air compressor ( figure I(e) ). The displacement and generated force can he widely controlled. In this case, the response time depends mainly on the flow conductance of the valves. The size reduction is most difficult.
Shape memory alloy and hias spring
Small actuatnrs can be obtained by using a shape memory alloy (SMA) coil memorizing the expanded state and a bias spring as shown in figure I(0. The S M A coil regains its original shape when it is heated above the critical temperature. Using a Ti-Ni wire of0.5 mm+ diameter as a coil of 3 mm+, a pressure of about I .4-2. I kgf/cm2, and a displacement of about I mm were obtained. The critical temperature of the SMA in this case is around 50 "C and can be achieved by Joule effect. To obtain a reasonable response time, a current in the order of I ampere is required. It is difficult to control the displacement precisely in such kind of devices. 
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where dzL, do, and V are the gap between the electrodes, insulating layer (SO2) thickness and the applied voltage respectively [SI. The generated force of the actuator is inversely proportional to the second power of the distance do. Hence the available stroke is limited when reasonable pressure is required.
Thermopneumatic
A thermopneumatic actuator has a sealed pressure chamber and movable diaphragm as shown in figure 2(b) [6] . In a typical actuator, the inner 
Bimetallic
The structure of a bimetallic actuator i s shown in figure 2(e). The actuator consists of a center boss, a circular diaphragm made of bimetallic materials and a circular heater 181. By varying the electrical power of the heater and thus the temperature of the bimetal, the displacement of the center boss can be controlled. The generated pressure %, , , is proportional to the difference between the thermal expansion coefficients of the two materials (yb -n) and the temperature difference A T as Strong force and reasonable displacement can be expected by using the appropriate combination of the two materials. The relaxation time is also the dominant factor in the response time.
The features of the miniaturized conventional actuators and micromachinable actuators are listed in table 1.
Microvalve
Microvalves developed so far can be classified in two categories: active microvalves (with an actuator) and passive microvalves (without an actuator). 
Piezoelectric
The normally closed microvalve using a stack type piezoelectric actuator is illustrated in figure 4 . I t has a glass-silicon structure with a movable diaphragm. To avoid leakage, a free standing Ni gasket was used [I] . A three-way microvalve was fabricated modifying this structure as shown in figure 5 [YJ. A sample injector was fabricated using a pair of this valve. A microwave having large stroke for liquid flow control was also fabricated using a bimorph type piezoelectric actuator [IO] .
Very small dead volume microvalves were demonstrated using stack type piezoelectric actuators [l I]. To have disposable flow channel, it was separated from the actuator part. Since the actuator part can be re-used many times, i t reduces the cost and i s useful for the medical applications. Another type o f microvalve which can be driven by low power actuator like piezo-disk was also proposed.
The valve was designed to reduce the influence of the input pressure and to fit the medical application. UP optically through the glass. Using the liquid-gas phase system of methyl chloride, the pressure can be increased by 0.7 kgflcm' within 5 msec by applying 200 mW. The dynamic range of this valve can be broad by adjusting cavity shape, boiling point of the control liquid, quantity of both gas and liquid molecules. A normally closed microvalve as well as a normally open microvalve which can control liquids at 208 kgflcm2 or can control nitrogen gas up to 15 Ilmh at 7.1 kgflcm2 was fabricated 1161.
been properly designed sizes of top and bottom surfaces. The valve was made of stacked silicon structures bonded by fusion bonding technique. This valve was tested both pneumatically and electrostatically.
The microvalves described so far have small flow conductance because of the reduced valve stroke. A microvalve to allow an adequate gas flow rate under low pressure was fabricated [151. The structure is shown in 3.1.6. Electromagnetic An electromagnetically driven figure 9. It is a three-port gas valve consisting of a pair of microvalve illustrated in figure I 1 [7] was developed. The electrodes covered with an insulation layer and a conductive valve cap is made of a Ni-Fe alloy a soft magnetic material film of Fe-Ni alloy between them. The middle part of the supported by a spring. It moves vertically in the magnetic film is elastically bent by the applied voltage between one field applied by the external electromagnet. The valve of the electrodes and the film. By switching the applied was driven by an 0.1 Hz to 100 Hz rectangular magnetic voltage, the two outlets can be opened alternately. A gas field. The gas flow rate was controlled from 3 x lo-' Torrflow rate of 10 mllmin was achieved under the pressure llmin to 2.4 x IO-' Torr-llmin at 4.6 x IO-' Torr. The difference of 6 x IO-4 kgflcm' when the applied voltage microvalve can be placed in a small tube. An external coil is 100 V. The valve is suitable for rarefied gas control is necessary and should be mounted outside the tube. A systems as in molecular beam epitaxy (MBE) and atomic microvalve activated by a combination of electromagnetic layer epitaxy (ALE).
and electrostatic forces was also fabricated [17] . The structure is illustrated in figure 12 . It consists of a 3.1.5. Thermopneumatic A thermopneumatically driven gas flow inlet having a counter electrode. a deflectable microvalve using a sealed pressure cavity filled with a liquid membrane coated by a metal conductor and two permanent is shown in figure 10 [ 6 ] . A resistive heater was formed magnets (2.5 kGs). A current applied to the membrane on the glass substrate. The chamber can also be heated perpendicular to the magnetic field causes an opening and closing deflection according to the Lorentz force. A voltage can be applied between the membrane and the counter electrode to keep the valve closed electrostatically against a specified gas pressure with low power consumption. A How of up to 3 mllmin at 0.16 kgf/cm2 was controlled. Current pulses of 200 mA and voltage of 30 V were typically applied for electromagnetic and electrostatic actuation. The response time was below 0.4 ms.
3.1.7. Bimetallic A bimetallic beam which provides significant force and displacement was also used for the microvalve [XI. It consists of a diaphragm with a central boss and a bimetallic actuator as shown in figure 13 . The actuator is a circular silicon diaphragm having diffused resistors and an annular aluminium region which are the elements of the bimetallic structure. The temperature of the bimetallic structure on the diaphragm is used to control the force applied to the central diaphragm boss so as to control the gas flow. This valve can control the gas flow ranged from 0 to 90 ml/min with the input pressure of 2.1 kgf/cm2 with no obvious pressure. The leakage flow at 1.4 kgflcm' input pressure was about 45 pllmin, which corresponds an on-to-off ratio of about 1600. Characteristics of the microvalves described are listed in table 2. show reasonable features and they are already used for micropumps. Type (f) has very small leakage and large reverse to forward flow resistance ratio at high applied pressure larger than 10 mH,O, which is useful for a very high output pressure micropump.
Micropump
Micropumps are classified into two groups: mechanical and non-mechanical (without moving parts) pumps. Two kinds of mechanical micropumps have been developed: reciprocating and peristaltic. Many micropumps using different actuators have been fabricated in each type by micromachining 151. Electrohydrodynamic effect, electroosmotic phenomena and ultrasonic effect are used in non-mechanical micropumps.
Reciprocating type micropump
This type of micropump consists of a pressure chamber having Hexible diaphragm driven by an actuator and passive microvalves (check valves). The check valve and the actuator play very important roles in the flow rate and the maximum output pressure. Many types of actuators like piezoelectric, pneumatic, electrostatic, thermopneumatic have been used. The maximum output pressure of the micropump depends directly on the available force of the actuators used.
4.1.1. Piezoelectric disk A micropump using a piezo disk was the first developed. The structure is shown in figure 15 . This type of micropump has been applied for actual systems like microHow systems and chemical analyzing systems because of its simple structure and easy assembling [IS] .
Piezoelectric micropump using nozzle/diffuser elements instead of check valves are presented. The first prototype was made of brass as shown in figure 16 (241. One of the disadvantages of micropump using check valves is the restriction of the driving frequency. This type of micropump can be driven at frequencies of hundreds Hz. A water flow rate of about 3.3 mllmin and pump pressure Figure 17 i s the structure and principle of the micropump using a PZT stack and polisilicon surface micromachined check valves. The actuator has enough force and high frequency response ( I msec), high flow rate up to 100 p h i n and maximum pressure of 1.5 mHzO being obtained. Rippleless pumping was carried nut by parallel connection of two micropumps driven by 
Piezoelectric stack

Peristaltic type micropump
The other principle of mechanical micropump is the peristaltic drive. Two types of peristaltic micropump were reported using piezo disk and thermopneumatic actuators.
Piezoelectric disk
The principle of the piezoelectric bimorph type peristaltic micropump is illustrated in figure 21 [30] . It has three active valves and pumping is carried out when these valves are driven by controlled signals to achieve peristaltic motion. The pumping rate was around 100 @llmin when the driving voltage was 80 V. A negative voltage was used to bend the valves down during their closed period. The maximum pressure was 0.6 mH20. The How was proportional to the frequency up to 15 Hz.
4.2.2.
Thermopneumatic Figure 22 shows the thermopneumatically driven peristaltic micropump having three active pressure chambers with flexible membranes [31] . In this case a microresistive heater was used to change the temperature of the pressure chamber. To heat up the inner gas in the chamber, laser light was also used [32] .
The performances of micropumps reviewed here are summarized in table 4.
Electrohydrodynamic micropump
With electrohydrodynamic actuation, the pumping of a Huid is limited to liquids of low conductivity and dielectric liquids such as organic solutions. Electrohydrdynamic motion in a dielectric liquid is a complex process. Two types of electrohydrodynamic micropumps were presented: a powerful DC-charge injection pump [33] and a traveling wave drive pump [34,35].
Powerful DC injection type (parallel electrode)
The motive force of the pumping is the Coulomb force exerted on the charges between the two pump electrodes ( figure 23) [ 3 3 ] . Under high field condition. the injection of ions from electrodes to the liquid occurs. This phenomena can he controlled by the electrochemical reactions at the electrode-liquid interface dependent on the composition and the geometry of the electrodes. The mesh like parallel electrodes were utilized for this purpose. Since the injected ions are moved by the attractive electrostatic force, the gap between the electrodes should be as small as possible.
The maximum flow rate was 12 mllmin and the maximum output pressure was 0.24 mHzO at 700 V. I n this case, the conductivity had to be in the range between lo-14 Slcm and lO-9 Slcm. Electroosmosis Electrokinetic phenomena of applied along the channel direction. The principle is rather electroosmosis can also be used for pumping electrolyte solutions [36] . This pumping was observed in capillaries with a diameter of 50 @m or less. The separation of the components of the mixture is also possible by using electrokinetic phenomena when the applied voltage is up to IO kV. A manifold of capillary channels was fabricated in a planar glass substrate. Since the solvent flow can be controlled along a specified capillary by applying appropriate voltages, valveless switching of liquid flow between capillaries can be obtained.
Traveling flexural wave (ultrasonic)
Fluidic motion induced by traveling flexural waves can also be used for the microtransport of liquids (figure 25). This is the so called ultrasonically driven micropump [37, 38] . Liquid can move in the directions of wave propagation with speed proportional to the square of the acoustic amplitude.
A maximum speed of 130 pmlsec was observed when the RF drive voltage was 7.1 Vrms at 3.5 MHz.
Flow sensor
Gas flow sensor
Many kinds of gas flow sensors have been developed [39] . The majority of them use thermotransfer as a flow detection method. An example of thermal mass flow sensors is illustrated in figure 26 [40] . A pair of titanium microheaters sandwiched between SiOz thin membrane were used. To achieve thermal isolation, the heaters are suspended with four small silicon islands on a Pyrex glass. This type of the temperature detector. It shows an accuracy better than 0.2% and a 90% response time faster than 1 sec.
5.2.3.
Differential pressure The structure of a differential pressure type flow sensor is shown in figure 29 [42] . In laminar flow conditions, with a small Reynolds number, the pressure difference around an orifice is proportional to the flow rate. The differential pressure is detected in this case by the deformation of the cantilever having the piezo resistor stress sensor. A similar type of microflow sensor was fabricated using a buried .piezo resistor stress sensor as shown in figure 30 [43] . The buried piezoresistor which was fabricated by high energy (MeV) ion implantation has an advantage of stability because the surface electric field variation is much smaller than that in conventional piezoresistors.
Flow control system
Mass flow controller (gas)
Integration of a normally closed microvalve and a thermal flow sensor realizes a very compact mass flow controller. The structure is shown in figure 31 [44] . This system had negligible dead volume so that the system response time was less than 5 msec.
Liquid dosing system
Two types of liquid dosing systems were reported. A piezo disk actnator type reciprocating diaphragm micropump and the integration of a whole system into a complete batch process.
.
Integrated microflow systems 7.1. Blood gas monitoring system Blood pH monitoring microsystems which consist of microvalves and an ISFET were fabricated. The schematic is shown in figure 34 . It has a normally open microvalve and two normally closed microvalves. This system can be set at the indwelling needle of a falling drop system and can sample blood through the same needle intermittently. Two types of microvalves using a SMA actuator and a piezo bimorph actuator were utilized in these systems [4, IO].
Chemical analysis
An integrated flow analyzhg system was demonstrated using three way microvalves and micropumps. Its principle and p c t u r e are shown in figure 35 [9] . To introduce a sample to the carrier and reagent flow, a sample injector consisting of two, three way microvalves was applied. A narrow channel for chemical reaction between sample and reagent and a window for an optical detector were incorporated in the structure.
Another integrated chemical analyzing system consisting of micropumps and W E T S was also reported 1461. Two piezobimorph disk type micropumps were used as in this system. A device with a stacked arrangement of silicon elements and multiple channels and micropumps for multi step chemical analysis was also proposed [47].
Bioreactor
A prototype of a miniature bioreactor for the cultivation of cells aboard Space-lab was presented [48] . It consists of a microvalve, micropumps, a chip which has a pH ISFET, a temperature sensitive diode and a thin film platinum redox electrode. Electronic circuits including Intel 81C51 micro controller were integrated in the system. The supply of fresh nutrient medium is provided by a micropump. In the reactor chamber, pH, temperature and redox potential are monitored and the pH is regulated at a constant value. electromagnctically driven miormalve 7 i c l v i r c~~l Ikficri ,!/ Tr<"ccrs 
Conclusion
Microvalves, micropumps, microflow sensors a n d integrated How systems were reviewed. These devices and systems can manage one order t o two order smaller flow compared to the conventional devices. T h e performances of the active microvalves a n d micropumps depend on those of the actuatiirs. h further improveinent of the actuator is still expected. T h e integration of microsensors a n d microHow devices s h o w possibilities t o realize sophisticated microsystems. Studies much m o r e fiicused on the reelization of integrated niicroHow systems will be the next step.
